We consider a simple gravitational-heating mechanism for the long-term quenching of cooling flows and star formation in massive dark-matter haloes hosting elliptical galaxies and clusters. The virial shock heating in haloes 10
INTRODUCTION
The observed properties of red & dead elliptical galaxies indicate a robust quenching of star formation above a threshold corresponding to halo mass ∼ 10 12 M ⊙ and after a characteristic redshift z ∼ 2 (references in Dekel & Birnboim 2006) . Similar quenching is required in order to suppress cooling flows in clusters, i.e., in halos ∼ 10 14−15 M ⊙ (Fabian 1994) . In turn, semi-analytic simulations show that the introduction of quenching above a threshold halo mass (sometimes accompanied by a critical black-hole or bulge mass) is a crucial element in any model that tries to fit the data (Croton et al. 2006; Cattaneo et al. 2006; Bower et al. 2006) .
The desired quenching mechanism should provide the required energy over time and explain its coupling to the whole gas reservoir in the inner dark halo. It needs to address both the trigger of quenching and its long-term maintenance for many Hubble times, as well as the characteristic mass and redshift associated with it.
There is an ongoing intensive effort to study "AGN feedback" as the potential source of quenching. At this point, the physics of AGN feedback, e.g., how it couples to the extended halo gas and how it provides longterm maintenance, are still difficult open issues. The bright quasars have been argued to be capable of providing long-term feedback via radiation despite their short lifetimes (Ciotti & Ostriker 2007) , but perhaps more natural sources for self-regulated AGN feedback are the weaker radio-loud AGNs that radiate for a long time at low power (review by Best 2007, and references therein) . In either case, the desired characteristic mass and redshift do not emerge in an obvious way from the black-hole physics.
Gaseous major mergers, which were suggested as the trigger for quenching via starbursts or quasar activation (Hopkins et al. 2007) , also have hard time providing a satisfactory explanation for the characteristic mass, and their frequency may be too low for the purpose (Lotz et al. 2006; Noeske et al. 2007) Here we pursue a preliminary feasibility test of a very simple alternative, that the gravitational energy associated with the cosmological accretion into the dark-matter haloes is the dominant source of quenching, responsible both for its trigger and its maintenance.
A robust finding of our earlier work (Birnboim & Dekel 2003; Dekel & Birnboim 2006) , based on analytic calculations and simulations in the idealized case of spherical symmetry, is the existence of a threshold halo mass for a stable shock at the virial radius, M shock ∼ 10 12 M ⊙ . This is a refinement of the classical idea attributing galaxy formation to cooling on a dynamical time scale (Rees & Ostriker 1977; Binney 1977; Silk 1977; White & Rees 1978; Blumenthal et al. 1984) . Birnboim & Dekel (2003) found that in halos below the threshold mass, rapid cooling prevents the post-shock gas pressure from supporting the shock against gravitational collapse. In this case, the gas flows cold (∼ 10 4 K) into the inner halo, where it may eventually shock, form a disk and possibly generate an efficient mode of star formation. When the halo grows above M shock , a stable shock propagates toward the virial radius, halting the infalling gas and creating a hot medium in quasi-static equilibrium at the halo virial temperature. The transition to stability occurs when the standard radiative cooling time equals the time for compression behind the shock, t compress = (21/5)ρ/ρ ≃ (4/3)R/V , where ρ is the gas density behind the shock, R is the shock radius and V is the infall velocity into the shock. This behavior has been confirmed in three-dimensional cosmological hydrodynamical simulations (Kereš et al. 2005; Dekel & Birnboim 2006; Birnboim et al. 2007 , fig. 1 , based on simulations by A. Kravtsov) and it has become the standard lore.
The introduction of a hot medium is a natural trigger for quenching of cold gas supply. This is either directly, by shock heating of all the gas, or indirectly, by providing a hot dilute medium that is vulnerable to heating by sources such as AGN feedback. This very naturally explains the origin of the characteristic threshold halo mass.
While the role of virial shock heating as the trigger for quenching and as a necessary condition for maintenance are becoming widely appreciated, we address here the novel idea that the accretion itself may also be the dominant source of energy for long-term maintenance, without appealing to AGN feedback or in parallel to it.
Using spherical hydro simulations, Birnboim et al. (2007) have found that a uniform virial accretion at the average cosmological rate leads by itself to effective long-term quenching starting at z ∼ 1 in halos of masses 2 × 10 12 M 10 13 M ⊙ today, namely in groups of galaxies. This is a generic sequence of events, termed SAMBA (for Shocked-Accretion Massive Burst and Shutdown), due to a moderate accretion rate through an expanding virial shock. The longterm quenching follows an earlier tentative quenching phase, when the halo is ∼ 10 12 M ⊙ , and a subsequent, rapid, massive accretion of ∼ 10 11 M ⊙ of gas into the inner halo. Simulations by Naab et al. (2007) and Libeskind & Dekel (2007) provide first clues that such a mechanism may actually work (also Motl et al. 2004 ).
However, Birnboim et al. (2007) found that uniform spherical accretion does not provide long-term quenching in halos more massive than 10 13 M ⊙ . We address here a more realistic, clumpy accretion, as the potential source of long-term quenching maintenance. Both Birnboim et al. (2007) and Khochfar & Ostriker (2007) have made preliminary attempts at addressing the potential of a scenario along these lines.
In §2 we find analytically that the overall gravitational accretion power is adequate for keeping the halo gas hot in halos above a threshold mass ∼ 6 × 10 12 M ⊙ , provided that the energy is deposited in the inner halo. We evaluate the scaling with redshift, density profiles, gas fractions and metallicity. In §3 we work out constraints on the clump masses, m c ∼ 10 5−8 M ⊙ , necessary for effective heating by drag of the hot gas in the inner halo. In §4 we present simple simulations that confirm the analytic estimates and demonstrate the potential of keeping the halo gas hot by clumpy accretion. After sketching the method of simulation, we analyze the time evolution of individual clumps, and use the results for the heating-to-cooling ratio inside the halo to obtain the constraints on halo and clump masses. In §5 we discuss the possible role of dynamical friction, the physics of dissipation via turbulence, and the possible origin of clumps by thermal instability of inside subhaloes. In §6 we conclude our findings.
GLOBAL HEATING VERSUS COOLING: MINIMUM HALO MASS
The gravitational energy associated with infall into massive haloes is clearly a viable source for quenching because, by virtue of the virial theorem itself, it is comparable to the overall thermal energy (see also Wang & Abel 2007) . As argued by Khochfar & Ostriker (2007) , this gravitational energy can compete with the popular energy source of feedback from a central AGN. For a total stellar mass M * , the gravitational energy is ∼ 0.5M * V 2 esc , while the AGN feedback can be expressed as ∼ ǫM * c 2 , so the ratio of the two is ∼ (V esc /1000 km s −1 ) 2 (ǫ/10 −6 ) −1 . This is of order unity for typical escape velocities in big ellipticals and clusters and for typical AGN efficiencies.
A necessary condition for the accretion to provide an effective quenching mechanism is that there is enough gravitational power in the accretion to overcome the overall rate of energy loss by radiative cooling. By considering first this global requirement we will obtain here a robust lower limit for the halo mass in which gravitational quenching is possible. In the following sections we will obtain limits on the clump masses by considering the energy balance in the inner halo, with the heating provided specifically by ram-pressure drag on cold clumps.
Halo Equilibrium Profiles
In order to evaluate the rates of heating versus cooling we use a simple model for gas in hydrostatic equilibrium within the potential well of a spherical darkmatter halo. The halo virial mass M v and radius R v are defined in the standard way such that the mean mass over-density within R v relative to the cosmological background is ∆ ∼ 200. Recall that the cosmological density isρ ≃ 2.76 × 10
, with a ≡ (1 + z) −1 the universal expansion factor, and in a flat universe ∆ varies from ≃ 180 at z > 1 to ≃ 340 at z = 0 (e.g. Bryan & Norman 1998; Dekel & Birnboim 2006 , Appendix A). The mean mass density within the virial radius is then expressed conveniently as
With the virial velocity V
13 M ⊙ , R 1 ≡ R v /Mpc and V 300 ≡ V v /300 km s −1 , the standard virial relations can be written as
We assume that the total and the hot-gas density profiles are both of a generalized NFW functional form,
They can be parameterized by the inner slope α, the mass M within the virial radius, and the concentration parameter C ≡ R v /r s . We denote the total hot-gas mass within the virial radius by
The concentration, for each of the two components, is assumed to follow the cosmological average for dark-matter haloes (Bullock et al. 2001) ,
Hydrostatic equilibrium requires at every radius r
where M (r) is the total mass within r, ρ g (r) and T (r) are the gas density and temperature profiles, k is the Boltzmann constant and m ≃ 0.59m p with m p the proton mass. Thus, for given density profiles, we can evaluate the temperature profile via
with the external boundary condition set by the virial temperature at R v Figure 1 . Halo profiles in hydrostatic equilibrium. Total density (blue), gas density (magenta), gas temperature (long-dash red) and gas entropy (short-dash green) as a function of radius, all in terms of the virial quantities. The total mass is 10 13 M ⊙ at z = 0. The total density profile is NFW. The hot gas fraction is fg = 0.05. The fiducial case is with a gas core (top), compared to a case with an NFW gas cusp (bottom).
or in the cosmological context
The entropy profile is then proportional to
In our fiducial model we assume an NFW cusp for the total mass, α d = 1, and a constant-density core for the gas, α g = 0, with f g = 0.05. The resultant profiles are shown in Fig. 1 . The gas temperature is only weakly varying about the virial temperature. The entropy is rising at large radii and is approaching a constant entropy floor at small radii, in qualitative agreement with the typical profiles indicated by X-ray observations (Donahue et al. 2006; Pratt et al. 2006 ) and with those obtained in hydrodynamical simulations of clusters (Faltenbacher et al. 2007 ). Shown for comparison is a case with a gas cusp, α g = 1, for which the temperature is still roughly constant, but the entropy is improperly rising even at small radii.
For the purpose of analytic estimates, we note that the generalized NFW mass profile of eq. (4) can be written as
where for an α = 1 cusp
and for an α = 0 core
Heating Rate by Gravitational Accretion
We write the available gravitational accretion power aṡ
The first term represents the gain in potential energy by infall of clumpy gas from the virial radius to an inner radius r, given an accretion rateṀ c . The second term is the contribution of kinetic energy associated with the typical velocities v i of the clumps at the virial radius. The third term represents the energy wasted for unbinding infalling cold clumps and heating them to the halo virial temperature. Given the density profiles, the potential gain is |∆φ| ≡φV
with V 2 (r) = GM (r)/r. For our fiducial NFW potential well,
With C = 9, we have A 1 ≃ 1.49, soφ(r s ) ≃ 2.8 and φ(0) ≃ 4.8. In comparison, a singular isothermal sphere hasφ(r) = ln(R/r), namelyφ(r s ) ≃ 2.2. The average virial accretion rate onto haloes of mass M v at redshift z can be estimated using the EPS formalism, following Neistein et al. (2006) and as described in Appendix A of Birnboim et al. (2007) . We use the practical approximation for haloes near ∼ 10 12−13 M ⊙ in ΛCDM,
This is consistent with the estimates from cosmological N-body simulations (Wechsler et al. 2002; , based on the millennium simulation). The accretion rate of clumps is assumed to bė
Thus, for an NFW potential, the heating rate from eq. (14), in terms of the total thermal energy, iṡ
The strong redshift dependence is due to the higher specific accretion rate at higher redshifts, and note the relative insensitivity to M v .
Radiative Cooling Rate
The radiative cooling rate per unit mass, at a position where the gas density, temperature and metallicity are ρ g , T g and Z, is
where χ ≃ 0.52 and Λ(T g , Z) is the atomic cooling function. We use the standard cooling function computed by Sutherland & Dopita (1993) , which is consistent with the equilibrium state computed by Gnat & Sternberg (2007) . At a radius r within the halo, the cooling rate becomes
where Λ −23 ≡ Λ/10 −23 erg cm 3 s −1 , f .05 ≡ f g /0.05, and the gas density profile is expressed in a dimensionless way bŷ
withρ v from eq. (1). For our fiducial gas profile, α g = 0, we havê
With C = 9, it isρ g (R v ) ≃ 0.24,ρ g (r s ) ≃ 30 and ρ g (0) ≃ 243. The overall cooling rate of the hot gas iṡ
Because of the proportionality to ρ 2 g , the integral is dominated by the cooling near the inner radius r s .
For our fiducial gas profile, with C ≫ 1, and approximating T g (r) = T v based on Fig. 1 such that Λ is independent of r, we obtain [to an accuracy of 1 − O(10/C
3 )]
withq the cooling rate of eq. (20) whereρ g = 1. This gives a total cooling rate relative to the thermal energẏ
where C 9 ≡ C/9 and A 0 (C) is given in eq. (13), e.g., A 0 (9) ≃ 1.00. Note the strong decrease of this specific Figure 2 . Global gravitational heating rate versus cooling rate, H/Q, as a function of halo mass. The fiducial case (solid blue) assumes an NFW halo and fg = 0.05 hot gas with an inner core ( Fig. 1, top) . A fraction fc = 0.05 of the mass, accreted at the average cosmological rate, is assumed to penetrate to 0.1 Rv. The metallicity is Z = 0.3 Z ⊙ and the redshift is z = 0. Shown for comparison are two other cases (dash green): at z = 2, and with fg = 0.075 and fc = 0.025. We see that the overall gravitational heating can in principle overcome the cooling in halos 10 13 M ⊙ . Only haloes above 10 12 M ⊙ (solid red) have the necessary shockheated medium (Dekel & Birnboim 2006) , and haloes in the range 10 12 − 10 13 M ⊙ (dashed magenta) are naturally quenched by virial-shocked accretion (Birnboim et al. 2007 ).
cooling rate with increasing M v and increasing redshift, the latter being dominated by C ∝ a.
For an analytic estimate one could use the practical approximation by Dekel & Birnboim (2006) to the cooling function,
where T 6 is related to the virial mass in eq. (9), and
We also adopt in our fiducial case the redshift evolution of the mean metallicity as crudely estimated by Dekel & Birnboim (2006) ,
Global H/Q: Minimum Halo Mass
The ratio of global heating to cooling rate, H/Q, is computed numerically for any given choice of α g and α d . The heating rateĖ heat , as computed from eq. (14) and eq. (15) with v i = V v , is divided byĖ cool , as evaluated from eq. (23) with eq. (20). Figure 2 shows the resultant global H/Q as a function of halo mass. In the fiducial case we obtain H/Q > 1 for Figure 3 . The minimum halo mass for gravitational quenching, M min , defined by H/Q = 1, as a function of redshift z, for otherwise the fiducial case. Also marked are the minimum mass for the presence of a shock-heated medium (solid, red) and the maximum mass for natural quenching by shocked accretion (dashed, magenta).
This is the lower limit for haloes that permit gravitational quenching. We see that at M v > 10 13 M ⊙ , where the natural quenching by shocked accretion is no longer effective (Birnboim et al. 2007 ), the quenching can in principle be provided by gravitational heating, once the energy is deposited in the inner halo. At M v = 10 13 M ⊙ , H/Q ≃ 2.0, while in cluster haloes of M v ∼ 10 15 M ⊙ , the energy available for gravitational heating overwhelms the cooling rate, H/Q ∼ 100. The almost linear dependence of H/Q on M v is driven by the dependence of the heating rate per unit mass on the potential well, ∝ V 2 v ∝ M 2/3 v , while the cooling rate per unit mass is a weaker function of halo mass.
For the fiducial profiles with α g = 0 and α d = 1, we obtain an analytic expression for H/Q by dividing eq. (18) and eq. (25),
.05 M 0.82
We can express H/Q in terms of the parameters M v , a, f c /f g , and Z 0 , by insertingφ(0.1R v ) = 3 from eq. (16), (27) . Using these approximations, we recover the fiducial critical value of M min ≃ 6.5 × 10 12 M ⊙ , and obtain its crude scaling with the parameters:
Some of these scalings are reflected in the two additional curves of Fig. 2 , referring to variations of a and f c /f g about the fiducial case. At z = 2, the heating is more efficient and we learn that M min is reduced to ≃ 10 12 M ⊙ .
With a higher fraction of hot gas and a lower fraction of mass in clumps, f g = 0.075 and f c = 0.025, we see that M min ≃ 2 × 10 13 M ⊙ , such that gravitational heating can barely do the job. Figure 3 shows the redshift dependence of M min , defined by H/Q = 1, for otherwise the fiducial choice of parameters. By z = 2, the minimum mass drops to ≃ 10 12 M ⊙ , allowing gravitational quenching over the whole mass range where a shock-heated medium is present. The increase in heating rate due to the higher accretion rate (∝ a −2.25 ) and higher V v (∝ a −1 ) at higher z is almost balanced by the increase in cooling rate due to the higher density (∝ a −3 ), leading to the apparent weak explicit dependence of H/Q on redshift in eq. (29). The residual z dependence of H/Q at a given M v is dominated by the decrease of C (∝ a) with redshift, aided by the corresponding decrease of Λ via T g and Z.
In a more realistic dynamical calculation, one can expect the over-heating at high z to induce an expansion of the gas core, reducing f g and α g there. This is expected to improve the quenching efficiency at later times and thus reduce M min there (work in progress). Figure 4 displays the dependence of M min on the inner density profiles of gas and dark matter in equilibrium. The dependence on the total density slope α d is rather weak. For a constant-density gas core, α g = 0, any reasonable value in the range α d = 0 − 2 would provide enough gravitational potential gain for balancing the cooling rate in M v 10 13 M ⊙ haloes. We also find (not plotted) that the sensitivity to how deep in the potential well the energy deposit occurs is also rather weak, less than a factor of ∼ 2 in M v as long as the energy deposit occurs inside r < 0.5R v . The sensitivity to the gas profile is stronger, through the cooling rate. For an NFW potential well, the gas core has to be α g 0.5 for H/Q > 1 in 10 13 M ⊙ haloes. Once the gas profile is too cuspy, α g ≃ 1, only haloes above 10 13.5 M ⊙ can be quenched. If α g is as steep as 1.4, the cooling rate becomes so high that it cannot be balanced by gravitational heating even in cluster haloes of ∼ 10 15 M ⊙ . Figure 5 shows the dependence of M min on the mass fractions in hot gas versus cold clumps, f g and f c . The total gas fraction imposes a constraint on the way these parameters can vary, f g + f c = const. This could be at most the universal baryonic fraction, f g + f c ≃ 0.15. A more realistic estimate would be f g + f c ≃ 0.1, after subtracting the mass fraction of baryons in stars and those removed by feedback processes. With a total gas fraction of 0.1, one needs f c /f g > 0.5 for quenching M v > 10 13 M ⊙ haloes. A ratio of f c /f g > 0.1 would be enough for quenching M v > 10 13.8 M ⊙ haloes. We also find (not plotted) that the effect of increasing today's metallicity from Z = 0.3 to Z = Z ⊙ is only a ∼ 50% increase in M min .
The robust result is that for a broad and sensible range of values of the model parameters, once today's halo is of M v ∼ 10 13 M ⊙ or higher, there is in principle enough total power in the accretion available for keeping the halo gas hot. We conclude that the clumpy accretion scenario passes the first feasibility test: it car- . The minimum halo mass for quenching M min as a function of the mass fractions in hot gas and cold clumps, fg and fc. The fiducial case is marked (red square). The relevant range is limited to below a diagonal line, e.g., fg + fc = 0.1 (dashed) or fg + fc = 0.15 (solid).
ries enough gravitational power to overcome the overall cooling rate in haloes that host groups and big elliptical galaxies, and more power than necessary in clusters of galaxies. The key is of course to have enough of this energy deposited in the inner halo, where most of the cooling tends to occur. This is addressed next, leading to constraints on the range of masses for the clumps that can serve as heating agents.
HEATING BY CLUMPS: CLUMP MASSES
The actual accretion is aspherical and clumpy. The interaction of the infalling cold, dense gas clumps with the hot medium present in > 10 12 M ⊙ haloes, via rampressure drag and weak shocks, transfers energy into the gas and keeps it hot. The effect of dynamical friction is limited to rather massive subhaloes (see §5.1).
Ram-Pressure Drag on a Clump
In our analytic estimates, we consider a population of dense, cold gas clumps of mass m c each, falling radially at the virial velocity V v through a halo of mass M v containing hot-gas mass
We assume that the clumps keep an internal temperature of T c ∼ 10 4 K, where the atomic cooling function drops sharply and where the suppression of further cooling may be assisted by photo-ionization due to an external UV flux. The clumps are assumed to be in pressure equilibrium with a hot medium at the virial temperature, T g = T v . Since the pressure in each of the gas components is P = ρ kT /M , the pressure confinement implies that at any position within the halo the densities of the cold and hot phases are related by
The implied clump radius is
describing the clump shrinkage as it moves into the higher density regions of the inner halo. The amplitude of the drag force acting by the hot medium on a cloud is
where c d ≃ 1, independent of whether the motion is sonic or supersonic (Landau & Lifshitz 1959, chapter XII) 1 Thus, the deceleration of a cloud due to drag in terms of the characteristic gravitational acceleration
This implies that less massive clumps suffer a stronger deceleration, which naturally gets stronger with increasing ambient gas density. In turn, the rate of drag work done by the whole clump population of a given total mass is also ∝ m
The value of c d for a spherical clump varies from 0.4 to unity and back to 0.8 in the sub-sonic, trans-sonic and super-sonic regimes respectively.
For a numerical estimate in the cosmological context, we use the top-hat virial relation, eq. (9), to obtain
where
In our fiducial case, M v = 10 13 M ⊙ at z = 0, we have µ ≃ 0.89. The deceleration can then be written as
The work done per unit clump mass as it falls from radius r i to r f is then
where I is a dimensionless integral
For our fiducial gas profile this is
With C = 9, we have A 0 (C) ≃ 1.0 andρ g ≃ 30 at r s . Then for infall from R v to r s the integral is I ≃ 1.12 and D ≃ 0.79 m
v . Hydrodynamical simulations indicate that most of the work done by the ram-pressure drag is indeed deposited in the ambient gas rather than in the dense clumps (Murray & Lin 2004; McCarthy et al. 2007 ). This implies that the clumps can serve as efficient heating agents, partly through the generation of turbulence (see §6). The challenge is to have the clumps heat the gas in the inner halo, where its density peaks and the cooling rate is high. The clumps have to penetrate to the inner halo before they are stopped by the drag or destroyed by fragmentation due to hydrodynamical instabilities. This imposes a lower bound on the clump mass. On the other hand, the drag work has to be effective such that it overcomes the radiative energy losses. This imposes an upper bound on the clump mass for a given halo mass.
Penetration: Minimum Clump Mass
A necessary condition for a clump to penetrate into the inner core is that the drag work done while it falls from R v to r s does not exceed the corresponding potential gain,
Substituting D from eq. (38), the implied constraint is
where (here and below) the second equality is for our fiducial case of M v = 10 13 M ⊙ at z = 0. This estimate assumes that the clump retains its initial mass as it moves through the halo. A tighter lower bound may be obtained when clump fragmentation is taken into account.
The clump ploughing through the hot medium suffers Kelvin-Helmholtz and Rayleigh-Taylor instabilities, which eventually make it break into smaller fragments. This happens roughly once the clumps have ploughed through a gas column of mass comparable to its own mass (Murray & Lin 2004) . Thus, a clump of initial mass m c on an inward radial orbit from radius r i would fragment at radius r f which obeys
Using the expression for the drag work, eq. (38), this translates to fragmentation at an r f that obeys
A comparison of eq. (44) with eq. (41) implies that clumps that could have made it to the halo core [by obeying eq. (42)] may fragment before they have reached the core. For our fiducial gas profile, eq. (44) becomes
6 . (45) We now assume that at r f the clump fragments into N f new clumps of mass m c /N f each, and allow them to penetrate further till they fragment again by the same rule. If N f ≫ 1, the fragments do not penetrate much beyond the first r f . In order to penetrate from R v to r s before fragmentation occurs, the clump has to be as massive as
If, on the other hand, N f is of order a few, the penetration following each fragmentation could be substantial. For example, Fig. 6 shows the penetration of clumps of different initial masses at the halo virial radius, under the assumptions of fragmentation into two pieces at a time, N f = 2, at radii that are obtained by a repetitive use of eq. (45), in our fiducial halo. We see that in this case clumps of initial mass significantly smaller than m c ∼ 10 5 M ⊙ can never make it to the inner halo. Clumps of m c ∼ 10 5 M ⊙ make it into the inner halo once, while clumps that are significantly larger penetrate through and orbit about the center more than once before they are completely destroyed. Thus, as long as the clump does not completely disintegrate in its first fragmentation event, our estimate of the lower limit imposed by penetration with fragmentation is roughly
It is worth noting that the effectiveness of clumps that lie significantly above the minimum mass and thus safely make it into the core is not affected by the fragmentation, as it is determined by the depth of the potential well. For small clumps, however, the fragmentation enhances the drag deceleration and can therefore prevent a clump that would have otherwise reached Figure 6 . Expected clump penetration for different initial masses in a fiducial halo of Mv = 10 13 M ⊙ at z = 0. The blue curves show clump mass mc at radius r/Rv. The clump is assumed to move from the virial radius inward on a radial orbit at a constant velocity Vv, and to break up to N f = 2 fragments at a time (symbols). The solid red curve at the top marks m BE , below which the gaseous clump is stable against its own self gravity ( §3.4). The dashed green curves refer to a local balance between drag heating and radiative cooling ( §3.6): d = q (long dash) and 5.5d = q (short dash).
the core from actually doing so. This tightens the lower bound that were obtained before considering the fragmentation.
The lower limit on m c scales strongly with a, mostly through µ 3 and partly through I 3 (via C ∝ a). At z = 2, for M v = 10 13 M ⊙ , the minimum m c drops by a factor of ≃ 40 compared to its value at z = 0. The scaling with halo mass is such that the minimum m c at z = 0 drops by a factor of ≃ 9 when the mass grows to M v = 10 15 M ⊙ . The decrease of µ with increasing z or M v originates from the corresponding increase in T v . This increases the confining pressure, which makes the clump shrink (at a given mass), thus reducing the drag force (eq. (34)), and allowing better penetration with later fragmentation.
Effective Heating: Maximum Clump Mass
Clumps that are massive enough to make it into the halo core should not be too massive; otherwise they fail to dissipate enough of their energy in a Hubble time. We can now address the heating-to-cooling balance with the heating computed from the actual drag work rather than the available potential well. Assuming that each clump is performing its act for a Hubble time as it orbits back and forth in the halo, and noting that the Hubble time is always about 5.5 times longer than the virial crossing time R v /V v , we can estimate the drag work per unit mass as 5.5 D(R v , r s ) and thus require for effective drag that
This translates to
where H/Q is the global heating-to-cooling ratio as evaluated in eq. (29) and plotted in Fig. 2 . The implied upper bound is a straightforward modification of eq. (42),
where the last equality is for our fiducial case where H/Q = 2. The upper limit of eq. (50) is likely to be too tight. First, massive clumps are expected to speed up beyond V v due to the gravitational pull to the halo center, causing a significant enhancement in the drag force. If the velocity becomes twice as high along parts of the orbit, say, the instantaneous drag force is four times larger, so the upper limit on m c may increase by an order of magnitude. Second, the successive fragmentation can increase the drag work by clumps that start more massive than this limit. According to the condition for fragmentation, eq. (44), the number of crossings N cross of a distance R v before the first fragmentation can be estimated by
This implies that even a clump as massive as 10 8 M ⊙ in a fiducial halo of 10 13 M ⊙ would fragment before crossing the distance R v three times, and the consequent enhanced deceleration by drag would give it a chance to deposit enough energy by drag work in a Hubble time. The actual, more relaxed upper limit on m c will be evaluated more accurately using simulations below.
Note that the condition for effective drag in eq. (48) does not guarantee that the apocenter of the clump's orbit decays into the core in a Hubble time. The condition for this is rather 5.5 D > ∆φ, so the corresponding upper limit is lower by (H/Q) 3 . This implies that clumps near the upper limit can deposit enough energy during their passages through the core without being fully confined to the core. The scaling of the upper limit on m c in eq. (50) with M v and z is dominated by the dependence of (H/Q) 3 on these parameters (Fig. 2) which is partly balanced by the opposite trends of µ 3 I 3 discussed in §3.2. Changing the mass to M v = 10 15 M ⊙ at z = 0, the maximum m c is increased by a factor of ≃ 6 × 10 3 . This change is driven by the dependence of the heating rate per unit mass on V v . Moving to z = 2 at a fixed halo mass, the maximum m c is increased by a factor of ≃ 13.
Bonnor-Ebert Stability: Maximum Clumps
For the clumps to be effective in heating the inner halo gas they have to remain gaseous as they travel through the halo. This means that their inner pressure should support them against collapse due to their own self gravity.
A self-gravitating pressure-confined isothermal sphere, with an equation of state P = ρc 2 s (γ = 1), is stable once it is less massive than the Bonnor-Ebert (BE) mass (Ebert 1955; Bonnor 1956, eqs. 3.5,3.6) ,
Writing the speed of sound within the clump as c 2 s = (k/m)T c , and the pressure confinement by the ambient ideal gas (γ = 5/3) as P = ρ g kT g /m, we obtain
where ρ −27 ≡ ρ g /10 −27 g cm −3 . In the cosmological context, usingρ g from eq. (21) and eq. (1), we obtain
Using eq. (9) for T g , and µ from eq. (36), we obtain that the upper limit for BE stability is
For our fiducial profiles, with C = 9, we haveρ g ≃ 0.24 at R v ,ρ g ≃ 30 at r s andρ g ≃ 243 at r = 0. Thus, m BE ∼ 10 9 M ⊙ in the outer halo and m BE < ∼ 10 8 M ⊙ in the inner halo. The Bonnor-Ebert mass is shown as a function of radius within our fiducial model in Fig. 6 .
We thus find that the maximum mass for BonnorEbert stability is comparable to the maximum mass for drag efficiency as (under-) estimated in eq. (50). This is an interesting coincidence, which allows a broad mass range for the clumps that are capable of serving as heating agents.
Tidal Disruption: Maximum Clump Mass
The clumps moving through the inner halo experience tidal forces that may disrupt them before they manage to heat the ambient gas. We assume that disruption happens when the tidal force acting on the surface of the clump becomes comparable to the force associated with the confining pressure.
The tidal force inside a host halo can be estimated by (e.g. 
where τ = 2 − ∂ ln M/∂ ln r. For an NFW profile it is τ < ∼ 2 in the outskirts of the halo, τ = 1 at r s , and τ → 0 as r → 0. The pressure force is estimated by
where r c is given by eq. (32) and P = ρ kT /m is the confining pressure by the ambient gas. Assuming that the ambient gas is isothermal at the virial temperature, the condition for stability against tidal disruption,
With r c from eq. (32), and the virial temperature from eq. (8), the condition for tidal stability becomes
For our fiducial profiles, with C = 9, the r-dependent term in the second line is ≃ 0.03 at r s , whereρ g ≃ 30, V ≃ V v , and τ ≃ 1. The clumps have to be less massive than 2.3 × 10 8 M ⊙ in order to get undisrupted into the core of a 10 13 M ⊙ halo at z = 0. This estimate is likely to remain roughly valid at smaller radii throughout the core, where the increase inρ g and the decrease in V and in τ roughly balance the decrease due to r 3 . Thus, our crude condition for stability against tidal disruption in the halo core is
The upper limit imposed by tides in more massive haloes is more relaxed. We note that tidal disruption imposes an upper limit comparable to those imposed by Bonnor-Ebert instability and by drag inefficiency, all roughly demanding for M v ∼ 10 13 M ⊙ at z = 0
Local Heating versus Cooling Rates
Given an accretion rate of appropriate clumps into the halo, we can crudely estimate the heating rate by drag in a single passage through a given point within the halo, in comparison with the local cooling rate. This will provide a lower limit to the actual heating rate, which can be higher due to repeating passages of the orbiting clumps in a given position. Consider a radial accretion of clumps in a rateṀ c . The work done by drag per unit time and unit mass of ambient gas of density ρ g in a shell of radius r is
The clump velocity v drops out, and using eq. (37) we obtain
Inserting the average cosmological accretion rate from eq. (17), the heating rate becomes 
The local heating rate balances the cooling rate, d/q = 1, for
If each clump passes 5.5 times in each radius over a Hubble time, the balance condition becomes 5.5 d/q = 1, and the corresponding m c becomes 5.5 3 times higher. These values of m c (r) are plotted in Fig. 6 for our fiducial case. We learn that the drag heating by clumps less massive than ∼ 10 6 M ⊙ can overcome the cooling in the inner halo in a single passage, while more massive clumps require multiple passages in the same location. The actual heating rate by such clumps will be evaluated by simulations below.
Gas clumps in Dark-Matter Subhaloes

Effect on the Clump Mass Estimates
So far we have considered self-gravitating gas clumps of gas mass m c . As will be discussed below, these clumps may initially be embedded in dark-matter subhaloes, such that the total effective initial clump mass is m v > m c . As long as the dark subhalo is attached to the gas clump, we can crudely evaluate its qualitative effects on our clump mass estimates.
In terms of the overall energetics considered in §2, the total gravitational energy associated with the accretion of the clumps into the center of the potential well could become larger by a factor that may be a significant fraction of m v /m c . The potential for overcoming the overall cooling is therefore higher, namely the threshold mass for quenching could become as small as ∼ 10 12 M ⊙ . The clump fragmentation as estimated in §3.2 is driven by the hydrodynamical instabilities at the boundaries of the dense gas component with the ambient hot gas, which may or may not be affected by the presence of dark-matter subhaloes. The subhalo potential well is likely to slow down the fragmentation process, which may allow even smaller clumps to penetrate to the inner halo. The estimated minimum clump mass of ∼ 10 5 M ⊙ may therefore remain the same or become somewhat smaller.
On the other hand, once the drag force remains the same while the clumps carry larger inertia, their orbital decay ( §3.3) should be less efficient, and the associated maximum mass for effective heating of the inner halo gas by drag would possibly decrease by a significant fraction of m v /m c . The potential for overcoming the cooling by drag at the first passage would be weakened. Thus, an effective heating by relatively massive gas clumps in subhaloes would rely on a quick separation between the gas and dark-matter components.
Separation of Gas and Dark-Matter Subhalo
The ram-pressure drag is acting on the gas component only. Once the drag is stronger than the gravitational force tying the gas clump to its dark-matter subhalo, the two components detach from each other and the treatment of the gas clump as isolated is justified. Assuming an NFW density profile inside the subhalo, the maximum restoring gravitational force per unit mass, v 2 /r, is obtained somewhat below its inner radius, r ∼ r v /c, where r v is the subhalo virial radius and c is its effective concentration parameter. The condition for separation then becomes
where v v is on the order of the virial velocity of the subhalo. Expressing f drag in terms of V 2 v /R v of the host halo, eq. (37), and using the standard relation between virial quantities, (V
1/3 , we obtain separation for
where c 10 ≡ c/10 and f 0.1 ≡ (m c /m v )/0.1. The second equality is for our fiducial case at r s , whereρ g ≃ 30, and assuming c 10 ≃ f 0.1 ≃ 1. This means that all clumps of gas mass m c 10 8 M ⊙ are expected to get separated from their subhaloes before or during their first passage through the inner halo. In more massive haloes, the separation is even more effective.
SIMULATIONS
Simulations: Method
The analytic estimates of §3 are based on several crude approximations. In particular, the clumps were assumed to move inward radially and in a constant velocity. On the other hand, we learned that the orbital decay of the 10 6−8 M ⊙ clumps into the halo core is important for their ability to effectively heat the ambient gas. We therefore perform simulations of heating by clumps as they move on general orbits that properly respond to the gravitational potential well and to the gaseous drag and dynamical friction. The simulations include clump fragmentation and possible re-merging, and they allow imposing Bonnor-Ebert stability when desired.
Halo
The spherical halo profiles, including dark matter and gas in hydrostatic equilibrium, are adopted from §2.1. In our current simulations, these profiles are assumed to remain static as the cold clumps fall through the halo, ignoring for now the structural response of the ambient gas to the heating by clumps. Our fiducial halo has M v = 10 13 M ⊙ and f g = 0.05. The total density profile is NFW (α d = 1) and the gas has a flat density core (α g = 0).
Initial Clumps
Each clump of initial mass m c starts at the virial radius of the host halo with an initial velocity of amplitude v and a direction set such that each of the two tangential components equals √ β times the radial component (i.e., β = 0 and β ≫ 1 for radial and circular orbits respectively). In our fiducial case for the simulations, we start with v = V v and β = 0.23, corresponding to a typical subhalo orbit in dissipationless N-body simulations, were the ratio of pericenter to apocenter is 1:6 (Ghigna et al. 1998) . The clump temperature is assumed to be fixed at 10 4 K until it disintegrates. In order to avoid artifacts that may be associated with a specific choice of the initial conditions, we simulate 4000 clumps with slightly different initial conditions and average the results. The initial values of m c , v and β are drawn at random from normal distributions about the chosen mean values, with standard deviations σ m = 0.5 m c , σ v = 0.4 v and σ β = 0.6 respectively, with the additional constraint that the parameters are all non-negative. The accretion rate is assumed to be given by eq. (17), with a fraction of mass in clumps in the fiducial case f c = 0.05, such that the total gas fraction is f g + f c = 0.1.
Forces
Each clump is moved as a test particle by integrating its equation of motion in time through three-dimensional space. The forces that act on each clump are the gravitational force exerted by the host-halo potential well, the drag force due to the ambient gas, eq. (33), and the dynamical friction acting on the gas clump by the dark-matter and gas of the host halo (Ostriker 1999) . The clump radius entering the drag force is varied according to the pressure balance with the ambient gas, eq. (32), assuming that the temperature and density are uniform within the clump.
Fragmentation and Mergers
Fragmentation is assumed to occur once the clump has ploughed through ambient gas mass equal to its own mass. This is computed by performing an integral similar to eq. (43) but along the actual orbit of the clump. At this point the clump breaks into N f equal fragments, which are assumed to conserve energy and momentum and continue on the same orbit side by side.
In some test runs, the clumps are assumed to merge when they collide with each other. These mergers could make some difference in the dense inner halo, where the collision rate could be high and the mergers may bring the fragmentation process to saturation. The mean time between collisions is estimated by τ = (nσv) −1 , where n is the number density of clumps at that radius, σ = πr 2 c , and v is the clump velocity, all averages over many clumps on different orbits. Since the density of clumps is affected by the mergers themselves, it is determined by a numerically stable iterative procedure, where the clump number density profile is the average of the final profiles from the previous two iterations. The actual time for a collision event of a clump, dt, is drawn at random from an exponential probability distribution P (dt) ∝ e −dt/τ . Once a clump goes through a collision, the clump mass is increased by an amount equivalent to the average clump mass at that radius. The collision is assumed to be plastic, where momentum is conserved and kinetic energy is lost. A certain fraction of it, f m , is assumed to be deposited in the ambient gas, and the rest is lost to radiation.
End of Clumps
We stop simulating the evolution of a clump once it either becomes bound within the innermost 0.002R v of the host halo or it has been disintegrated to fragments smaller than 10 −4 of its initial mass. The remaining kinetic energy of the clump, minus the energy necessary to heat its gas to T v , is added to the ambient gas at that radius. When the clump survives for a period longer than 10 Gyr, or when the clump exceeds the BonnorEbert mass (if this feature is turned on), the clump is removed from the simulation without adding any further energy to the medium.
Gas in Subhaloes
When testing the case of gas clumps embedded in darkmatter subhaloes, we assume complete separation between the two components based on eq. (67).
Fiducial Case
The fiducial case in the results presented below consists of gas clumps with masses about m c = 10 7 M ⊙ in a halo of M v = 10 13 M ⊙ . The gas fractions in the hot medium and in the cold clumps are f g = f c = 0.05, with metallicity Z = 0.3. Clumps start at the virial radius with a mean velocity of v = V v and β = 0.23. The fragmentation is into N f = 2 fragments, mergers are ignored, and BE stability is not imposed.
Simulations: Individual Clumps
We start by studying the evolution of a single clump along its orbit. Figures 7 to 11 show the time evolution of the following clump properties: its radius within the halo, its velocity, its mass, the fractional energy lost by the clump (and deposited in the ambient gas), and the clump mass relative to the Bonnor-Ebert mass for stability. Figure 7 shows the fiducial case, and in the following figures we vary one parameter at a time about the fiducial case. Although the different cases may show different behaviors, we will see in the next section that in many cases they are as effective as cooling agents.
In the fiducial case, the 10 7 M ⊙ clump and its fragments move along an orbit through a sequence of pericenters and apocenters. The orbit decays because of the ram-pressure drag, and it enters the 0.1R v core by t ∼ 4 Gyr. The clump fragments for the first time at the vicinity of the first pericenter, near r ≃ 0.2R v at t ≃ 2 Gyr, and it practically disintegrates while it is well inside the Figure 7 . Time evolution of clump properties from a simulation of a single clump in our fiducial case. Shown are the clump radius in the halo r/Rv (solid, red), the clump velocity v/Vv (dashed, green), the clump mass mc in units of its initial value at Rv (solid steps, blue), the fraction of the energy deposited in the hot gas (dot-dashed, cyan), and the clump mass relative to the critical mass for stability m BE (dotted, magenta).
inner core by ∼ 6 Gyr. The drag is at maximum when the velocity and density are at maximum, near pericenter, and this is where the energy loss rate is maximal. By the time the orbit has decayed to r ∼ 0.1R v , the clump has deposited in the gas about one half of the total energy that it has potentially available, while the other half is deposited inside 0.1R v by t ∼ 6 Gyr.
Note that the velocity remains for many orbits on the order of V v , to within a factor of 2, justifying the crude approximation made in §3. However, the factor of 2 increase in velocity during the first infall, corresponding to a factor of 4 in drag force, makes the 10 7 M ⊙ clump more effective than estimated from Fig. 6 . Eq. (50) is therefore an underestimate of the actual maximum clump mass for effective heating in a Hubble time, as suspected.
We also see in Fig. 7 that the clump mass is significantly below m BE at all radii, meaning that it remains gaseous and stable against collapse and star formation under its own gravity. Figure 8 explores the dependence on the fragmentation recipe. In the top panel the fragmentation is turned off, N f = 1, namely the clump mass remains constant as it moves along its orbit through a sequence of pericenters and apocenters. The orbital decay into 0.1R v is only slightly slower than for N f = 2, but it does become less efficient well inside the core, reaching 0.01R v at twice the time. Correspondingly, the total energies used for heating the core in the N f = 1 and N f = 2 cases are comparable. The bottom panel presents a case with more efficient fragmentation, N f = 10. The decay into the inner core is faster, but the clump completely disintegrates before it manages to make it into the very center.
By simulating cases in which the clumps are assumed to merge when they collide, we find (not plotted) that the effect is negligible when the fraction of the energy deposited in the hot medium is f m ∼ 0.5. Even in the extreme case where the colliding clumps are assumed to disappear without depositing any energy into the hot medium, the effect of mergers is rather small. Figure 8 shows that the clump mass is significantly below m BE at all radii for any fragmentation scenario, with the BE stability increasing with increasing N f . We Figure 9 . Evolution of clump properties: dependence on orbit eccentricity. An almost circular orbit (β = 100, top) versus a radial orbit (β = 0, bottom) to be compared to the fiducial case β = 0.23 shown in Fig. 7. also find that the stability is slightly decreasing with more efficient merging. Figure 9 explores the effect of orbit eccentricity. As a function of decreasing β, from circular (β ≫ 1) to radial (β = 0) orbits, the orbital decay rate and the fragmentation rate are both faster. This results in a higher heating rate in the core, but only by a factor less than three from circular to radial orbits. While for any eccentricity the clump mass is below m BE , it is getting close, m c /m BE ∼ 0.5, in the case of a radial orbit near the first passage through the center. When starting in a radial orbit at rest, instead of with an infall velocity v = V v , the first entry to the core happens later, but it has no significant effect on the evolution once inside the core (not plotted). properly fragmenting, penetrating to the core and depositing their energy there. The time it takes for the orbit to decay is longer with increasing clump mass, but all the clumps in this mass range deposit most of the available gravitational energy in time, and they are BE stable at all times. At m c ∼ 10 8 M ⊙ , the orbit decay is slow so the clump barely makes it into the core in a Hubble time. Thus, only a fraction of the energy avail- . Average log properties of the clump distribution as a function of radius in steady state from a simulation of our fiducial case. Shown are the clump mass mc in units of its initial mass (dot-dash, magenta), the density in clumps ρc compared to the ambient gas density ρg (short dash, blue), and the gas density ρg versus the mean gas densityρg (long dash, green). The ratio of energy in turbulence and in thermal energy (horizontal curves, red) is shown for Mv = 10 12 , 10 13 , 10 15 M ⊙ ( §5.2).
able in the potential well is deposited in the core during the multiple passages of the clump there. The total energy deposited, and its balance with the cooling rate, will be clarified in the next section when we consider a whole population of clumps given an accretion rate.
For an initial clump of 10 8 M ⊙ , the clump mass is only slightly below m BE when it enters the core. The orbit of an m c ∼ 10 9 M ⊙ clump does not decay significantly in a Hubble time, so only about 10% of the energy available in the potential well is deposited. This may lead to insufficient total energy deposit for balancing the cooling. For an initial clump of 10 9 M ⊙ , the clump mass is always above m BE . Figure 11 shows the dependence on halo virial mass for m c = 10 7 M ⊙ . The times for fragmentation and orbital decay are increasing with halo mass. Still, the orbit does decay to inside the core in a Hubble time even for M v ∼ 10 15 M ⊙ , and the vast majority of the available gravitational energy is deposited in time. Figure 12 shows the average properties of the clump distribution as a function of radius in steady state from a simulation of our fiducial case. The mass density in clumps is comparable to that of the ambient gas near r ∼ 0.1R v . It is ∼ 4 times lower at the virial radius, and it becomes an order of magnitude higher at the inner core.
Simulations: Heating/Cooling Rate
Our main results from the current simulations are expressed in terms of the gravitational heating rate versus the radiative cooling rate at every radius within the halo. The accretion rate of clumps is assumed to be a fraction f c = 0.05 of the total average cosmological ac- . Heating rate (red) versus cooling rate (blue) at radius r in our simulated fiducial case. The accretion rate is the cosmological average for 10 13 M ⊙ haloes, of which a fraction fc = 0.05 is assumed to be in ∼ 10 7 M ⊙ gas clumps. The heating beats the cooling everywhere, quite uniformly, by a factor of ∼ 3 or more.
cretion rate as approximated by eq. (17), with a fraction f g = 0.05 in hot gas. Figure 13 shows the actual heating and cooling rates for the fiducial case, clumps about m c = 10
13 M ⊙ . We see that the heating overwhelms the cooling by a factor of three or more at all radii. Figure 14 tests the sensitivity of the heating-tocooling (H/Q) ratio to the fragmentation recipe, the orbits, and the presence of a dark-matter subhalo. With no fragmentation, or fragmentation to only a few fragments at a time, the H/Q ratio is 3 or more everywhere. With more efficient fragmentation, N f = 10, the heating is almost the same outside 0.1R v , it is still winning outside 0.06R v , but is barely sufficient inside 0.06R v (short dash, blue). When including the effect of mergers between clumps in a way that is most unfavorable to the cause of heating, namely when they are assumed to disappear with no additional energy deposited in the medium, H/Q is still of order unity even inside the core (dot-dash, magenta). The orbit dependence is weakonly a factor of two between radial and circular orbits. Even clumps that start on circular orbits end up beating the cooling by a factor of order two or more everywhere. The inclusion of dark-matter subhaloes makes only a negligible change for m c = 10 7 M ⊙ . The effect is weak because of the separation of the gas and dark-matter components by ram-pressure near the first pericenter. We conclude that the results from the adopted fiducial case could be interpreted as fairly representative, with no great need to worry about the actual recipes adopted for the fragmentation and mergers, the orbits, or being embedded in dark-matter subhaloes. Figure 15 explores the H/Q ratio at the different radii as a function of clump mass, halo mass, or clump and hot gas mass fraction. The top panel confirms our estimate from §3 that in a halo of 10 13 M ⊙ the effective clumps are limited to the range 10 5 -10 8 M ⊙ . While clumps of ∼ 10 6 M ⊙ do it in a single passage, clumps in the range 10 7 -10 8 M ⊙ provide the necessary heating via repeating passages at a given radius within the core. Nevertheless, the H/Q ratio for clumps in the effective range are very similar, rather insensitive to the actual clump mass. Note that m c ∼ 10 8 M ⊙ clumps deposit enough energy in the core even though their orbits do not manage to decay into well inside the core in a Hubble time. Despite the fact that each of these clumps deposits only a fraction of the energy available in the potential well, the drag they exert collectively while passing repeatedly through the core transfers enough energy to balance the cooling rate, as argued in §3.3. Clumps of m c 10 9 M ⊙ fail to overcome the cooling in the inner halo; their weak deceleration by drag is not enough for a significant orbital decay, and the energy deposited during the transient passages through the core is below the cooling rate. Clumps of m c 10 4.5 M ⊙ also fail; they cannot penetrate to the core because the drag they suffer in the outer halo and the associated fragmentation are too effective.
The middle panel of Fig. 15 shows the dependence on halo mass for m c ∼ 10 7 M ⊙ clumps. Recall that once the halo is less massive than the threshold for virial shock heating, ∼ 10 12 M ⊙ , there is no two- phase medium, and the heating mechanism addressed here cannot work. The H/Q ratio is above unity at all radii for haloes of M v ≃ 7 × 10 12 M ⊙ and above, as estimated in §2. As seen before, H/Q > 2 everywhere for M v ∼ 10 13 M ⊙ , relevant to big ellipticals or small groups. It rises to H/Q 100 for cluster masses, M v ∼ 10 15 M ⊙ . Note that the heating efficiency in the inner core becomes roughly the same for M v = 10 15 M ⊙ and 10 14 M ⊙ haloes. This is because of the weaker deceleration by drag and the slower fragmentation of the ∼ 10 7 M ⊙ clumps in the former, where T v is higher. The bottom panel of Fig. 15 explores the dependence on the fractions of clump mass and hot gas mass, f c and f g , assuming that the total gas fraction is f g + f c = 0.1. We see that the H/Q ratio is above unity everywhere as long as f c > 0.03, or crudely f c /f g > 0.5. Figure 16 summarizes our results by displaying the total heating to cooling ratio in the inner halo, r < 0.1R v , as a function of halo mass and for different clump masses. Here, unlike in previous figures, we also show cases that deviate from the fiducial case by the values of the two mass parameters. As seen before, gravitational heating by clumps with initial masses in the range m c ∼ 10 5−8 M ⊙ overcomes the cooling in the cores of haloes of M v ∼ 10 13 M ⊙ and above. We now learn, for example, that clumps of m c ∼ 10 ciple be effective in heating M v > 10 14 M ⊙ haloes. This is true, however, only when ignoring the upper limit imposed on m c by Bonnor-Ebert instability. We see that these massive clumps do deposit some energy in the cores of haloes below 10 14 M ⊙ , during their few quick passages through the core, but this is not enough for balancing the cooling rate there. At the small-mass end, it is interesting to see that clumps of 10 4.5 M ⊙ , which fail to heat the cores in haloes below 10 14.5 M ⊙ , do manage to heat the cores of rich cluster haloes ∼ 10 15 M ⊙ . This is because the strong confining pressure due to the high virial temperature compresses the clumps into smaller sizes with reduced surface area. This weakens the deceleration by drag and the corresponding fragmentation efficiency, and thus permits better penetration of these small clumps into the massive-halo cores. We also find that no clumps can overcome the cooling in the cores of M v 6×10 12 M ⊙ haloes, despite the presence of shockheated gas in halos above 10 12 M ⊙ . This is because the accretion rate into such haloes does not carry enough total power for overcoming the cooling rate, §2. Figure 17 summarizes the constraints from the simulations in the M v -m c plane, otherwise adopting the parameters of the fiducial case. The contours mark equal H/Q values as integrated inside the 0.1R v core. The lower limit on the halo mass for H/Q > 1 is robust near M min ≃ 6 × 10 12 M ⊙ , consistent with the esti-mates of §2 based on the global energy balance, and rather insensitive to the clump mass. This is because, in the range 10 5 < m c < 10 8 M ⊙ , the clumps manage to share with the ambient gas most of the energy available to them when falling deep into the potential well. In M v ≃ 10 13 M ⊙ haloes, the requirement H/Q > 1 puts the lower limit for effective clumps at m c ≃ 10
13 M ⊙ , rising steeply with halo mass. The lower, red contours at the top refer to equal H/Q values in simulations where clumps are eliminated once larger than the Bonnor-Ebert mass, eq. (52). The BE H/Q = 1 contour provides the the practical constraint, requiring an upper limit of m c ≃ 6 × 10 7 M ⊙ at M v ∼ 10 13 M ⊙ , which is rising slowly to m c ≃ 10
15 M ⊙ . This is slightly different from the crude estimate of eq. (55), shown as a line with a small negative slope, because the simulations involve a distribution of masses and the Bonnor-Ebert instability does not necessarily occur exactly at r s . As expected, the upper limit imposed by tidal disruption is somewhat weaker than the constraints imposed by H/Q > 1. Figure 18 summarizes the constraints in the M vm c plane at z = 2. The minimum halo mass for gravitational quenching is now lower, M min ≃ 2 × 10 12 M ⊙ , similar to the estimate in §2. The minimum clump mass for penetration is now smaller than it was at z = 0 by an order of magnitude, as expected from the scaling with µ 3 ∝ a 2 in eq. (47). The maximum clump mass for Bonnor-Ebert stability is only slightly smaller than its value at z = 0, consistent with the scaling in eq. (55), where the z dependence ofρ −1/2 g via C ∝ a almost balances the z dependence via µ 3 . The maximum mass for effective drag is now higher by an order of magnitude, as expected from the scaling withφ −3 in eq. (50), and the strong dependence ofφ on C ∝ a in eq. (16). The simulations thus confirm the estimates that the gravitational heating is more effective at higher redshifts, with the mass range broader both for the halo mass and the clump mass.
DISCUSSION
On the Effect of Dynamical Friction
Dynamical friction (DF) is another source of energy transfer between the clumps and the host halo. Here, the whole clump, including its dark-matter subhalo, contributes to the heating. However, only a small part of the energy is deposited in the ambient gas, the rest being spent on "heating" the host-halo dark matter. Furthermore, being proportional to the square of the total satellite mass, the dynamical friction becomes significant only for rather massive subhaloes. Khochfar & Ostriker (2007) argue that the effect of DF in heating the ambient gas may be substantial. However, Kim et al. (2005) , using simple arguments and simulations, found that, while the DF may slow down the cooling, it is not enough for balancing the cooling rate in the centers of clusters. The heating by DF is indicated to be insufficient even when massive subhaloes are incorporated. This is by the failure of hydrodynamical simulations of clusters to overcome the cooling-flow problem as long as they do not resolve small enough gas clumps and do not incorporate AGN feedback (Sijacki & Springel 2006, and references therein) . A detailed study of the effect of DF is deferred to a future paper, but here we can tentatively use our simplified simulations for a preliminary indication of its possible role. Since our simulations do not incorporate tidal mass loss from the clumps or the subhaloes that may be attached to them, they tend to overestimate the effect of DF, and should therefore be used only as upper limits on the role of DF. Figure 19 highlights the maximum relative role of DF in heating the ambient gas at r compared to the total H/Q ratio including the ram pressure drag. In a halo of 10 13 M ⊙ , we see that for clumps in the mass range where the ram-pressure is effective, m c = 10 5 − 10 8 M ⊙ , the contribution of DF is negligible by several orders of magnitude. Even for m c = 10 9 M ⊙ , where the total effect is only of H/Q ∼ 0.1, the upper limit for the contribution of DF is H/Q ∼ 0.01. The DF seems to become dominant and marginally effective, H/Q 1, only once m c 10 11 M ⊙ , corresponding to a subhalo mass of m c 10 12 M ⊙ . However, even for these massive clumps, the apparent success is subject to the warning that our simulations overestimate the effect of DF. In a halo of 10 15 M ⊙ , the DF effect is negligible for m c 10 10 M ⊙ , namely for all clumps in the mass range where the ram-pressure drag is effective. The DF becomes dominant and marginally effective for m c 10 11 M ⊙ , similar to the corresponding value in M v = 10 13 M ⊙ haloes, but, again, this apparent success of DF may be an artifact of ignoring tidal stripping.
On the Physics of Dissipation
The actual process of energy deposition by ram pressure should be investigated in detail. This study can build upon the results of Murray & Lin (2004) and McCarthy et al. (2007) that most of the ram-pressure drag work is deposited in the ambient gas rather than in the dense clumps. When a cold clump moves subsonically through the hot gas, the energy is deposited as kinetic energy. The population of clumps moving on different orbits create turbulence on a scale comparable to the mean distance between clumps, which cascades down to the scale where viscous heating becomes efficient. If a non-negligible fraction of the energy is temporarily stored in the turbulence reservoir it can have interesting consequences on the efficiency of clumps as quenching agents. The turbulence increases the effective pressure on scales larger than the mean separation between clumps, helping the halo gas expand in response to the clumpy accretion and hence slowing down its cooling rate. The turbulent component does not cool like the thermal component, and, since the clumps are smaller than the smallest eddies, the turbulence does not add to the pressure confining the clumps.
Following Kolmogorov (1941) , in a steady state, with energy input rate per unit massė into eddies of scale L, the energy stored in the turbulence per unit mass can be written as e turb ∼ c 0 (ėL) 2/3 , with c 0 ≃ 2.1 [Landau & Lifshitz (1959, §32) and Popo (2000, §6.5.2)]. The corresponding pressure is P = (γ −1)ρ g e turb . Using our simulations, we obtain at every radius the energy deposit rateė and the mean clump separation L, and compute the ratio of e turb to the thermal energy. This is plotted in Fig. 12 . We find that this ratio, at r = 0.1R v say, ranges from ∼ 20% to ∼ 5% when the halo mass ranges from 10 12 to 10 15 M ⊙ , respectively. This crude estimate is on the same order of magnitude as results of hydrodynamical simulations (Wise & Abel 2007; Faltenbacher et al. 2007) , perhaps indicating that clumpy accretion may play a non-negligible role in driving turbulence in these simulations. The non-negligible energy stored in turbulence at M v ∼ 10 12 M ⊙ may reduce the lower limit for effective quenching to below the M min ≃ 7 × 10 12 M ⊙ obtained without the turbulence reservoir.
The fragmentation of the gravitating clumps due to hydrodynamical instabilities should also be studied in more detail, following up on the pioneering work of Murray & Lin (2004) . Simulating a single clump falling under gravity through ambient hot gas may be feasible immediately.
On the Origin of Clumps
The origin of gas clumps in the desired mass range, containing a large enough fraction of the accreting gas, remains a key open issue for the feasibility of the model. At this point we only attempt a preliminary discussion of certain options.
One possibility is that the gas clumps form embedded in the cosmological population of small darkmatter haloes that become subhaloes through a sequence of minor mergers building up the larger halo. For the gas clumps to be in the proper mass range for effective ram-pressure, 10 5−8 M ⊙ , the halo masses have to be in the range 10 6−9 M ⊙ . As long as an external ionizing flux is effective in keeping the gas at ∼ 10 4 K, even in the vicinity of big haloes where the density is ∼ 100 above the universal mean, gas cannot accumulate in haloes less massive than ∼ 3 × 10 9 M ⊙ (Gnedin 2000) and cannot survive evaporation from smaller haloes (Barkana & Loeb 2001; Loeb & Barkana 2001; Shaviv & Dekel 2004 ). Thus, proper clumps can exist inside subhaloes only if the ionization is ineffective. This may be the case before the universe becomes reionized at z ∼ 9, by which most ∼ 10 7 M ⊙ haloes are already in place (Mo & White 2002 , based on the Press-Schechter formalism). The photoionizatioin may become ineffective again after z ∼ 2 (Babul & Rees 1992) , or if the clumps become shielded from the ionizing flux in the dense halo cores. If the clumps are not ionized and the environment is still partly expanding, the gas can cool adiabatically, which may allow it to populate small haloes.
We estimated ( §3.7.2) that even if the clumps come in as part of subhaloes, the dark component should not have a substantial effect on the role of the clumps as heating agents, since clumps in the relevant mass range would separate from their subhaloes by ram pressure before they enter the inner halo.
Another, perhaps more relevant possibility is that the cold gas clumps fragment from the hot gas by thermal instability and establish a two-phase medium in pressure equilibrium. With the peak cooling rate at > ∼ 10 4 K, this requires an ambient gas of > 10 5 K. Most of the gas is shock heated to such temperatures in haloes more massive than ∼ 10 12 M ⊙ , as well as in nearby collapsed pancakes and filaments that feed such haloes (Cen & Ostriker 2006) . Note that the clumps can serve as effective heating agents that balance the cooling in the halo core even if they form inside the halo. Once they fall into the halo center, the gain in gravitational potential is not much smaller than the energy provided by external clumps. We verified that falling in from rest does not change the results by much.
Clumps can form by thermal instability as long as the cooling function Λ(T ) is a decreasing function of T , namely in haloes for which T v < 10 7 K (for ∼solar metallicity), namely M v < 10 14 M ⊙ at z = 0. This mechanism cannot provide the clumps necessary for heating rich clusters of galaxies, unless the clumps form in the cooler filaments outside the halo and then fall into the virial radius. Maller & Bullock (2004, MB04) provide a detailed discussion of the formation and survival of such clumps, in the context of the formation of big disk galaxies in dark-matter haloes. They specifically address a lower limit to the clump mass due to thermal conduction, whose strength is parameterized by f s , the fraction of the classical Spitzer conductivity (Spitzer 1962) . They estimate that conductivity would suppress the formation of small clumps and impose a lower limit of m c 4 × 10 6 M ⊙ M (Chandran & Cowley 1998) , the minimum mass imposed by conductivity would have a weaker effect on the allowed mass range for effective clumps. The lower limit for clumps that could form inside the virial halo, with f s = 0.01 in eq. (69), is marked in Fig. 17 . The minimum mass imposed by conductive evaporation is smaller by an order of magnitude (MB04, eq. 36). Note that the limit of eq. (69) is not valid for the formation of clumps in the pancakes and filaments at the vicinity of haloes.
One might expect that limits imposed by formation and survival arguments on the masses of cold gas clumps can lead to an enhancement of the gas fraction in clumps that lie in the mass range that allows effective heating by drag. For instance, a fraction of the cold gas that has been prevented by conductivity from being in clumps much smaller than ∼ 10 5 M ⊙ may find itself instead in more massive clumps, which can more effectively penetrate into the inner halo and heat it ( §3.2). The gas in clumps above the stability threshold of m BE ∼ 10 8 M ⊙ , where stars can form, is likely to be removed by supernova feedback after the first starburst (Dekel & Silk 1986; Dekel & Woo 2003) , and thus be added to the reservoir of gas available for condensing into smaller, stable gas clumps that are more effective in drag-heating the gas.
If m c ∼ 5 × 10 6 M ⊙ cold gas clumps are responsible for quenching in haloes of M v 10 13 M ⊙ , one expects a total mass in clumps of ∼ 5×10 11 M ⊙ (f c /0.05) M 13 acting over a Hubble time in each halo, and a certain fraction of this mass in residual clumps that have survived and ought to be detected (perhaps ∼ 20%, given that the crossing time from the virial radius to the halo center is ∼ 0.2 t Hubble ). Maller & Bullock (2004, §7) argue that the observed population of High Velocity Clouds (HVCs) in the halo of the Milky Way (Oort 1966) or the Local Group (Blitz 2002; Maloney & Putman 2003 , and references therein) is consistent in many ways with the required population of clumps. This includes the gas temperature of ∼ 10 4 K indicated by a median FWHM line width of ∆v ∼ 25 km s −1 , the estimated typical cloud size and mass of ∼ 5 × 10 6 M ⊙ , the kinematics of the HVC population within the halo, and the estimated total number of ∼ 4000 HVCs, implying a total mass of ∼ 2 × 10 10 M ⊙ in a ∼ 10 12 M ⊙ halo, comparable to the prediction. MB04 ( §8) also argue that the desired clumps may be detected as the high column density absorption systems in quasar spectra, such as Lyman limit and CIV systems (based on the model of Mo & Miralda-Escude 1996) , which are observed to reside within the extended virial haloes of bright galaxies (Chen et al. 2001 ).
CONCLUSION
We performed a preliminary feasibility study of a simple mechanism -gravitational heating by clumpy accretion -for long-term quenching in dark-matter haloes above a threshold mass ∼ 10 12 M ⊙ . This is desired for explaining the red & dead elliptical galaxies and the lack of cooling flows in clusters of galaxies. It is now common wisdom that the halo gas is first heated to the virial temperature by a global shock once the halo grows above this threshold mass (Birnboim & Dekel 2003; Dekel & Birnboim 2006 , and references therein). While the interaction of the accreting gas with the expanding shock is enough for long-term quenching in halos of 10 12−13 M ⊙ (Birnboim et al. 2007 ), we addressed here the possibility that the quenching maintenance in more massive haloes is due to the gravitational energy of cosmological accretion, being delivered to the innerhalo hot gas by cold gas clumps via ram-pressure drag and local shocks. With the average cosmological accretion rate onto haloes of ∼ 10 13 M ⊙ , the gravitational energy power available by gas infall into the bottom of the potential well can balance the overall radiative cooling losses. This makes gravitational heating a viable competitor to the fashionable alternative of AGN feedback.
We found that this is a feasible quenching mechanism in haloes of ∼ 10 13 M ⊙ and above, provided that the gas clumps are in the mass range 10 5−8 M ⊙ . Smaller clumps are stopped by drag and disintegrate due to hydrodynamical instabilities before reaching the inner halo. Their formation could be suppressed by heat conductivity. Clumps that are too massive do not transfer enough energy by drag in a Hubble time. Independently, they are unstable to collapse and star formation under their own self-gravity, and are more susceptible to tidal disruption in the inner halo. By simulating the process with clumps of a proper mass, we confirmed that the heating rate can indeed balance the cooling rate throughout the whole halo, as long as
12 M ⊙ , the gas inner density cusp is not steeper than ρ g ∝ r −0.5 , and the mass fractions in cold clumps and in the hot ambient gas are of the same order of magnitude. The effect is stronger at higher redshifts, thus possibly affecting the core structure in a way that makes the maintenance easier also at later times. We conclude that the gravitational quenching scenario has passed successfully several non-trivial preliminary feasibility tests.
Many of the elements of the proposed scenario should be investigated in more detail via hydrodynamical simulations, where the challenge of properly resolving ∼ 10 6−7 M ⊙ gas clumps in ∼ 10 13 M ⊙ haloes is not trivial. An immediate next step could be performed using hydrodynamical simulations based on the spherical code of Birnboim et al. (2007) . While the current study has been restricted to clumps falling into a static halo, it would be desirable to incorporate the dynamical response of the halo gas to the over-heating in excess of the cooling rate. We expect the subsequent expansion of the gas to slow down the cooling and make the heating even more effective. This study will help us find out whether the observed entropy floor in cluster cores is reproduced in detail by the clump-heating model. If so, it will alleviate the need for "smooth accretion" (Voit & Ponman 2003; Borgani et al. 2005) or AGN feedback as mechanisms for enhanced entropy production.
Based on our preliminary feasibility tests we conclude that gravitational heating by clumpy accretion is a viable scenario, complementary to AGN feedback as a long-term quenching mechanism. They are both triggered by the shock heating of the halo gas once above the threshold mass of ∼ 10 12 M ⊙ . While the energy transfer from the small black-hole scales to the extended halo gas requires a non-trivial and yet unknown physical mechanism, the appeal of the gravitational heating scenario is in its simplicity and availability. In particular, this mechanism provides a natural explanation for the characteristic halo mass above which quenching is effective.
